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Abstract 
 
 
I propose accurate analysis and novel model of the nonresonant plasmonic terahertz (THz) wave 
detector based on the silicon (Si) field effect transistor (FET) with a technology computer-aided 
design (TCAD) platform and SPICE simulation. By introducing a quasi-plasma two-dimensional 
electron gas (2DEG) in the channel of the FET, the physical behavior of the plasma wave has been 
modeled with the TCAD platform. For accurate analysis of the modulation and propagation of the 
channel electron density as the plasma wave, I have characterized the quasi-plasma 2DEG model with 
two key parameters, such as quasi-plasma 2DEG length (lQP) and density (NQP). The lQP and NQP is 
defined exactly as extracting the average point of the electron density by using the normalization 
method. Through the quasi-plasma 2DEG modeling, I investigate the performance enhancement of the 
plasmonic terahertz wave detector based on Si FET according to scaling down the gate oxide 
thickness (tox), which is a significant parameter of FET-based plasmonic terahertz detector for the 
channel electron density modulation. By scaling down tox, the responsivity (Rv) and noise equivalent 
power (NEP), which are the important performance metrics of the THz wave detector, have been 
enhanced. In addition, I report the new NQS compact model for MOSFET-based THz wave detector 
using SPICE simulation. Because the FETs are intensively considered for THz detector due to their 
performance and applicability, it is essential to describe the physical behaviors of FET in the THz 
regime with non-quasi-static (NQS) analysis. However, most of the NQS MOSFET models (e.g., 
Elmore model) have the complexity of the formulation and fail to describe the device physics for the 
accurate analysis of fast switching and high-frequency operation. In this work, I have proposed novel 
NQS compact model of MOSFET, which is applicable for transient simulation of the plasmonic THz 
detectors. The new SPICE NQS model has been verified by comparing with TCAD device simulation 
as reference of the complete numerical NQS simulation. For simulation of MOSFET-based plasmonic 
THz detector with SPICE, I demonstrate the model validity by extracting the photoresponse 
simulation as the function of the gate voltage at 0.2 THz with the peak point in the sub-threshold 
region. The proposed novel methodologies will provide the advanced physical analysis and efficient 
structural design for developing the nonresonant plasmonic terahertz detectors operating in THz 
regime. 
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Chapter 1 
 
Introduction 
 
1.1 Terahertz Wave and Applications 
 
Terahertz (THz) wave, which is the electromagnetic (EM) wave with a frequency range of 0.1−10 
THz, forms the THz gap between the millimeter-wave band developed by the electronics and the far-
infrared band developed by the photonics. Because of the distinguished characteristics of THz wave 
such as good permeability (penetrability) and harmlessness to human body owing to its relatively long 
wavelength and low energy, the research on the radiation and detection of the THz wave has been 
intensively performed in recent year owing to their potential applications in the various fields 
including communication, spectroscopy and THz imaging technology [1-5]. Especially, THz imaging 
system for the soft materials such as the human body has been regarded as the most promising 
application of the THz detectors in near future [6-8]. In spite of the advantages, however, THz 
imaging application is still immature because of the lack of high performance THz detection 
technology. 
 
 
Figure 1-1. Frequency and wavelength of THz wave band (THz gap). 
 
 
Figure 1-2. (a) THz technology: communication, spectroscopy, and THz imaging. THz imaging such as 
biomedical, security, impurities inspection is the most promising application of the THz detection in near future 
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(b) THz imaging system. 
THz technology has been developed as aspect of THz photonics (optical engineering) and THz 
electronics (electronic engineering). It is necessary to achieve the large scale and high output power in 
THz photonics including optical rectification, difference frequency generator (DFG), terahertz 
quantum cascade laser (THz QCL), and uni-travelling carrier photodiode (UTC-PD). And in THz 
electronics such as resonant tunneling diode (RTD) and Schottky barrier diode (SBD), it is needed to 
obtain the high integration and low output power for small size. 
 
1.2 Plasmonic Terahertz Wave Detector 
 
Nano device technologies have been scaled down to 20 nm for higher operating frequency, 
however, the operation frequency is limited up to 500 GHz band through the reduction of size in 
transit mode where drift-diffusion transport of electron depends on cut-off frequency. In case of the 
transit mode using Schottky barrier diode (SBD) [9] and hetero bipolar transistor (HBT) [10], it is 
difficult to operate at the THz frequency range. In order to overcome this limitation, plasma wave 
transistor (PWT), which can operate at more 10 to 100 times electron drift velocity of transit mode, 
has been used for higher operating frequency. Using the plasma resonance of 2-dimensional (2-D) 
electron density in channel, the research on THz wave detector incorporating plasma wave has been 
extensively proceeded owing to work in THz frequency region. As shown in figure 1-3, the operating 
frequency of the device in plasma mode is much higher than in transit mode. 
 
 
Figure 1-3. Comparison of operation frequency in plasma and transit mode for various semiconductor materials 
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according to gate length. 
1.2.1 Plasma Wave in FETs 
 
Since Dyakonov and Shur have proposed the plasma wave behavior in the channel of the THz 
detector based on FETs [11, 12], the THz detectors comprising FET devices with two-dimensional 
electron gas (2DEG) have been reported theoretically [13-15] and experimentally [16]. THz detectors 
based on field effect transistor (FET), which are more promising than other devices due to their 
applicability and performance, have been carried out for plasma wave detection in the resonant as 
well as nonresonant regime by using the silicon (Si) semiconductors [17-21] or III-V compound 
materials [22-25] such as GaAs/AlGaAs and GaInAs/AlGaAs. 
Figure 1-4 shows a description of THz detection mechanism with the 2DEG in FET structure. The 
detection mechanism occurs due to the nonlinear properties of the 2DEG in the channel region of the 
field effect transistor (FET), and it leads to the rectification of the AC current by the incoming THz 
radiation. As a result, a photoresponse arises in the form of a DC voltage difference between the 
source and drain side of FETs. In order to induce the photoresponse, which forms the DC voltage, the 
asymmetric condition between the source and the drain should be needed. There are several reasons of 
such an asymmetry. One of them is the boundary condition difference owing to external capacitances. 
Another one is the asymmetry in feeding the incoming THz radiation, which can be obtained by using 
the antenna or by an asymmetric structural design between the source and drain contact pad [26]. And 
thus, an AC voltage between the source and the gate is induced by the THz radiation. As a result, the 
asymmetry can arise if a DC current is passed between the source and drain, the asymmetry will 
create the depletion of the electron near the drain of the channel in FETs. 
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Figure 1-4. Schematic mechanism of THz detector based on channel 2DEG in FET structure. 
1.2.2 Operation Principle of Terahertz Detector 
 
 
Figure 1-5. Resonant and nonresonant operation of plasma wave in THz region according to the frequency and 
gate length. 
 
In order to describe the nonlinear properties of the plasma wave as 2DEG in channel region of FET 
for detection and mixing of the THz wave, the operation of plasma wave in resonant and nonresonant 
regime should be examined. Figure 1-5 shows operation of the plasma wave in THz frequency region 
according to the frequency ω and gate length L. The two regimes of the plasma wave operation can be 
divided depending on the frequency ω, and each of regimes are distinguished into two sub-regimes in 
accordance with the gate length L [16]. 
 
1. High frequency regime (ωτ > 1) 
The electron momentum relaxation time t determines the electron conductivity σ = ne2τ /m. In 
this case, the plasma wave in the channel as RLC transmission line can be excited. The plasma 
wave have a velocity s = (eU /m)1/2 and the propagation distance of the plasma wave is sτ. 
 
a. Short gate (L < sτ) 
The plasma wave in the source side can reach the drain side and reflect, so that the 
amplitude of the plasma wave is enhanced. In this case, the channel of FET operates as a 
resonator for plasma wave oscillation 
b. Long gate (L >> sτ) 
In this case, the plasma wave induced at the source side decays and cannot reach the drain 
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side of the channel. The AC current exists only at the source side. 
2. Low frequency regime (ωτ << 1) 
At low frequencies, the plasma wave cannot exist owing to an overdamping. In this case, the 
properties of operation are determined by the gate length and the parameter ωτ RC, where τ RC is 
the RC time constant of the FET. 
 
a. Short gate (L < (ρCω)−1/2) 
In this case, the AC current flows along with the gate-to-channel capacitance. It operates as 
the “resistive mixer”. At the THz frequency region, the resistive mixer can be applied for 
FETs with short gate case. 
b. Long gate (L >> (ρCω)−1/2) 
The AC current is induced in the channel and leaks to the gate from the source side at a 
small distance l. The leakage length l has the value of (ρCω)−1/2. The leakage length is 
called “characteristic length”, and its value is equal to s(τ/ω)1/2. If l << L, both AC voltage 
and current cannot exist in the channel near the drain side of FET. In this case, the FET can 
act as a nonresonant detector for the plasma wave. 
 
The FET can gather the electrons in the channel as a 2DEG, which acts as electron fluid in the 
channel of FET. The concentration of the electron in the channel depends on applying gate-to-channel 
voltage: 
 
en = CU,                            (1) 
 
where e is the elementary charge, n is the electron concentration in the channel of FET, C is the gate-
to-channel capacitance per unit area, and U is the gate-to-channel voltage. The AC voltage, which is 
induced by the THz radiation between the source and the gate, can modulate the electron 
concentration n, and thus a DC current will arise. The plasma wave can propagate as an electron fluid 
in the channel of FET. 
The propagation of the plasma wave definitely depends on the electron mobility µ, which affects 
the electron momentum relaxation time τ = µm/e, where m is the effective electron mass, and plasma 
wave velocity s. The velocity of plasma wave s is given by [27] 
 
2 2 0 0
0 1 exp ln 1 exp
B B
eU eU
s s
k T k Tη η
      
= + − +      
         
,                  (2) 
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where s0= (ηkBT/m)1/2, η= 1+(Cdm/Cox) is the ideality factor as the fitting parameter which is closely 
connected with the subthreshold regime of the FET, Cdm is the depletion capacitance, Cox is the oxide 
capacitance, U0= Vg− Vth is the gate overdrive voltage, and Vth is the threshold voltage. When U0 < 0 
and |U0| > ηkBT/e (i.e., in subthreshold region), Eq. (2) yields s2= s02. The propagation distance of the 
plasma wave l, which is the important parameter of the nonresonant THz detector, is calculated as 
s(τ /ω)1/2. Since the frequency of plasma wave ω can distinguish two regimes of the operation of the 
THz detector, the parameter ωτ, which is called the resonance quality factor, is a key factor of the 
THz detection. The operation of the THz wave detector is settled by ωτ and the gate length Lg. If ωτ  
> 1, the plasma wave is underdamped and the FET can operate as a resonant detector if the 
propagation distance l of the plasma wave is longer than Lg of FET. The plasma wave can arrive in 
the drain side of the FET, and be reflected. When ωτ  < 1, the plasma wave cannot exist due to an 
overdamping and the FET operates in nonresonant regime. 
 
 
(a) 
 
(b) 
Figure 1-6. (a) Asymmetry of the plasma 2DEG distribution in the channel region of FET for THz detection in 
7 
 
nonresonant regime. (b) Structure of Si FET-based THz detector and TCAD simulation framework with quasi-
plasma 2DEG modeling. 
Figure 1-6(a) shows the description of the plasma 2DEG density distribution in the channel region 
of Si FET. When Lg >> l, the plasma wave, which is excited at the source side of the channel, cannot 
reach the drain side because the plasma wave decays near the source side before reaching the drain 
side. In this case, the FET can operates as a nonresonant THz detector, and it is possible to analyze 
behaviors of the plasma wave by using continuity equation and hydrodynamic Euler equation [11, 12], 
which are given by 
 
0)( =
∂
∂
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n ,                               (3) 
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where v is the electron drift velocity, ∂U/∂x is the electric field along with the carrier transport 
direction in the channel, and v/τ is the external friction term which explains collisions between 
electrons and phonons (or impurities) [11, 12]. By combining linearized Eq. (3) with Eq. (4), the 
output detecting signal, which is actually a photoinduced drain-source voltage ∆U, is obtained as 
follows: 
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where Ua is the amplitude of incident THz EM wave. From Eq. (5), it is noticeable that the maximum 
of ∆U for the incident THz EM wave is achieved when U0= 0 (i.e., ∆U= ∞) and then ∆U will 
gradually decrease as U0 increases (i.e., Vg > Vth). When T > 0 K, however, U0 never becomes zero 
even if Vg approaches Vth owing to the Fermi-Dirac distribution [28]. 
Figure 1-6(b) shows the structure of FET-based THz detector and circuit configuration with the AC 
voltage as the incoming THz source, which induces the photoresponse ∆U as the DC voltage 
difference between the source and drain side. By applying the quasi-plasma 2DEG model, it is 
possible to overcome the limitation of the TCAD simulation platform without hydrodynamic 
formalism, and thus, we demonstrate the THz detection in nonresonant regime. 
In order that performance enhanced of plasmonic THz detector based on MOSFET behaviors is 
developed, it is required to set up the well-established MOSFET device simulation and modeling 
environment such as the technology computer-aided design (TCAD) platform, because TCAD 
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platform provides a versatile and reliable simulation framework based on the advanced MOSFET 
models for the exact analysis and the efficient structure design of the THz detector based on the 
MOSFETs. While the carrier transports of FET in transit mode such as drift and diffusion can be 
represented by using TCAD platform, however, there exists the limitation of TCAD that it cannot 
analyze the plasma wave dynamics as the electron fluid because the hydrodynamic formalism has not 
yet been included in TCAD platform [29, 30]. Hence it is essential to develop the innovative TCAD 
model for analysis of the THz detector based on FET. 
 
1.2.3 Issues of Research on Terahertz Detector 
 
 
Figure 1-7. Conventional configuration of FET-based THz detector. There are three parts of the THz detector 
based on FET: antenna, FET, and amplifier 
 
A. Component analysis of THz detector technology 
Conventional FET-based THz detector is composed of three parts: antenna, FET, and amplifier. As 
an operation principle of FET-based THz detector, the THz wave radiation is transferred through the 
antenna to FET as an input AC voltage signal and the asymmetrically induced channel charge of FET 
produce the photoresponse (∆U) as an output DC voltage, which can be amplified through the 
amplifier. 
The most fundamental and significant issue in conventional FET-based THz detector is the very 
low-level photoresponse (∆U) (i.e. low performance). This output ∆U level is still comparable with 
the background noise level, so lock-in amplifier (big hardware) and/or the DC voltage amplifier with 
very high-gain dynamic range should be incorporated in the output stage. Considering a feasible 
multi-pixel THz detector, however, these amplifiers cannot be integrated into each detector pixel of 
multi-pixel array. 
 
B. Performance-limiting issues of THz detector technology 
Before the specific technical issues related with performance limits are addressed, the performance 
metrics of FET-based THz detector should be carefully investigated. There are two typical 
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performance metrics: responsivity (RV) and noise equivalent power (NEP), which can be expressed as 
follows. 
 
a
V P
UR ∆= ,                                     (6) 
V
dB
V R
TRk
R
NNEP
5.0)4(
== ,                            (7) 
 
where Pa is AC power, N is thermal noise of detector, and Rd is the channel resistance. 
From Eq. (6), the best RV can be achieved by making the output ∆U level of FET as high as 
possible under the same input power from THz source. By definition of Eq. (7), the best NEP can be 
obtained by keeping total noise of detector as low as possible under the same RV. The key factor for 
the highest RV and the lowest NEP is the photoresponse ∆U in FET stage, which means that ∆U of 
FET (not RV of detector) should be up to the breakthrough-level along with reducing the total noise of 
detector. 
 
1.3 Motivation 
 
Considering a feasible multi-pixel THz detector, however, these amplifiers cannot be integrated 
into each detector pixel of multi-pixel array. To remove this conventional output amplification stage, 
the output ∆U in FET stage should be enhanced up to the level of after-amplification, and thus, this is 
the reason why the performance-breakthrough technology research is essential in FET-based THz 
detector for multi-pixel and real-time THz imaging. 
In the conventional approach based on configuration of figure 1-7, however, only Rv enhancement 
approach has been performed recently. Since the lack of research on the photoresponse ∆U in FET 
itself, it is necessary to mainly focus on the circuit design approach such as adding additional 
components (e.g. capacitors, FETs) and high-gain amplifier stage. There have been the following two 
technical limiting the detector performance. One thing is the increase of the total detector noise by 
these additional components, and the other is that device-level research on FET itself has not existed 
yet for multi-pixel THz array detector. Therefore, the THz detector performance-breakthrough 
research focus should be on a device-level FET stage (in figure 1-7) for a feasible multi-pixel real-
time THz imaging application. 
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Figure 1-8. FET-based multi-pixel THz detector array and its imaging application 
 
1.4 Thesis overview 
 
In this thesis, I propose accurate analysis and modeling of the Si FET-based THz wave detector 
using both TCAD and SPICE simulation. Firstly, I reviewed the applications and the operation 
principles of the THz wave detector, and bring up a topic in the introduction. In section II, I present 
the modeling and simulation results for the physical analysis of the photoresponse enhancement 
according to the gate oxide scaling in nanoscale Si FETs with quasi-plasma 2DEG model. By using 
the new normalization method based on mobility change in the channel, the accurate analysis and 
characterization of the quasi-plasma 2DEG model are introduced. In section III, the new NQS 
compact model of MOSFET-based THz wave detector is proposed for the analysis of fast switching 
and high-frequency operation. For demonstration of the new NQS model as the THz wave detector, 
the transient simulation results with TCAD-based verification and photoresponse simulation results 
are presented. In section IV, I applied a summary and conclusions, and finally, the future works are 
presented in section V. This thesis is based on my papers in journal and conferences. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11 
 
 
 
 
 
 
 
 
Chapter 2 
 
Numerical Device Modeling of Terahertz Wave Detector Based on Si FET 
 
2.1 Modeling of Terahertz Wave Detector with Quasi-Plasma 2DEG 
 
 
Figure 2-1. The structure of THz detector based on Si FET and TCAD simulation framework. The external 
capacitor Cgd is connected between the gate and drain side of FET for asymmetric boundary condition. 
 
As shown in figure 2-1, n-type Si MOSFET structure has been designed by TCAD simulation with 
the several structure parameters such as the gate length Lg = 300 nm, the junction depth of the source 
and drain Xj = 100nm, the channel doping concentration Nch = 1×1018 cm-3, the source and drain 
doping concentration Nd = 1×1020 cm-3, poly-Si gate doping concentration Npoly = Nd, and lightly 
doped drain (LDD) concentration NLDD= 1×1019 cm-3. 
When the THz wave irradiates on the FET-based detector, the photoresponse is induced in the 
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channel by asymmetric boundary condition between the source and the drain. This DC voltage 
difference between the source and the drain is originated by the electron charge asymmetry as a 
2DEG in the channel. The propagation length of the plasma wave, which is called the characteristic 
length, is considered an important parameter for electron charge asymmetry as 2DEG in the channel 
region. The key point for extracting the photoresponse is to characterize and analysis accurately the 
characteristic length as 2DEG length and 2DEG density in the channel. Since the structure design of 
FETs in frequency and time domain costs a great deal, the numerical solution of the continuity 
equation and hydrodynamic Euler equation with Poisson’s equation is necessary for the accurate 
analysis of the plasma wave 2DEG behavior. In the nonresonant regime of THz detection (ωτ < 1), 
the overdamped plasma wave cannot exist in the drain side of the channel. This phenomenon leads to 
the asymmetry of the electron density distribution in the channel region of the FET. Therefore, we 
introduce the quasi-plasma electron box as a 2DEG [31], which is the overdamped plasma wave in the 
channel, for the asymmetric boundary condition and electron density distribution in the channel. 
 
2.2 Asymmetric Boundary Condition of Terahertz Detector 
 
 
Figure 2-2. Transient simulation results of the FET-based THz detector using the TCAD platform with 
asymmetric boundary condition between the source and drain by integrating the external capacitor (Cgd). 
 
The asymmetric condition should be needed for extracting ∆U of the THz detector based on Si FET 
in nonresonant regime. Figure 2-2 shows the transient simulation results of of the FET-based THz 
detector using the TCAD framework with the asymmetric condition between the source and drain by 
adding varied external capacitance between the gate and drain. The gate-to-source voltage Vgs has the 
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fixed value of Uasinωt + Vg, however, the gate-to-drain voltage Vgd has been saturated to DC output 
voltage as external gate-to-drain capacitance Cgd increases. Thus, we obtain the asymmetric boundary 
condition in our device by integrating the Cgd for THz detection. 
Figure 2-3 shows propagation and modulation of the plasma wave as 2DEG at frequency f = 0.7 
THz has been explained with TCAD transient simulation. The contour plots of the 2DEG density 
modulation (when tox= 2.5 nm) along with the channel at each time scale indicate the change of the 
2DEG density modulation according to increasing Cgd. 
 
Figure 2-3. Contour plots of the electron density modulation along with the channel position at each time scale 
in 2 cycles. The channel 2DEG density is modulated by incoming THz radiation at f= 0.7 THz with (a) 
symmetric boundary condition (when Cgd = 0), (b) Cgd = 1 aF, (c) Cgd = 1 fF, and (d) Cgd = 1 pF. 
 
For the symmetric boundary condition (in figure 2-3(a)), the plasma wave as 2DEG can propagate 
equally both at the source and drain side. By adding capacitance with the values of 1 aF, 1 fF, and 1 
pF, as shown in Fig. 2-3(b), (c), and (d), respectively, the channel electron 2DEG propagates shorter 
than symmetric condition near the drain side. As the asymmetric boundary condition is almost 
completely satisfied at Cgd = 1 pF, the AC voltage has been applied only at the source side. 
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Figure 2-4. Simulation results of the peak-to-peak amplitude of the voltage difference between the gate and 
drain according to increasing gate-to-drain external capacitance (Cgd) at tox= 1.1 nm. 
Figure 2-4 shows the transient simulation results of the TCAD framework at tox = 1.1 nm with 
adding the gate- to-drain external capacitance (Cgd), which is connected at the drain side only, 
because it is necessary to set up the asymmetric boundary condition between the source and drain side 
for extracting the photoresponse ∆U of the THz detector based on Si FET in nonresonant regime. The 
peak-to-peak amplitude of the voltage difference between the gate and drain (Ua) becomes almost 
zero in accordance with increase of Cgd. The asymmetric boundary condition by integrating Cgd is 
satisfied, if Cgd is larger than the internal capacitance of FET. 
 
2.3 TCAD Simulation Results 
 
The plasma wave behavior as 2DEG should be described by the hydrodynamic Euler equation with 
the convection component (= v(∂v/∂x)), however, the FET-based THz detector with the quasi-plasma 
2DEG has been modeled by using the SynopsysTM Sentaurus Device TCAD framework, which does 
not include the hydrodynamic Euler equation. Even though the computational limit of the Sentaurus 
device TCAD platform, it is necessary to exploit the TCAD simulation for the simulation of the 
nonresonant THz detectors with quasi-plasma 2DEG owing to the well-established MOSFET models 
and the accurate analysis environment on TCAD framework. 
 
2.3.1 DC Characteristics 
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Figure 2-5. DC Id-Vg characteristics of TCAD device simulation results. According to the variation of the gate 
oxide thickness (tox = 1.1, 2.5, and 4 nm), the threshold voltage Vth have been extracted at the linear region (Vd= 
0.05 V). 
Table I. DC characteristics (Vth and SSW) of the FET-based THz detector according to the to x. 
tox [nm] Vth [V] SSW [mV/dec] 
1.1 0.18 68.5 
2.5 0.40 78.7 
4.0 0.63 92.5 
 
The simulation results of DC characteristics, such as the threshold voltage (Vth) and subthreshold 
swing (SSW) have been extracted by using the TCAD framework in order to investigate the effect of 
the tox scaling (in Table I). According to the increase of the gate oxide thickness (tox = 1.1, 2.5, and 4 
nm), the threshold voltages of FETs, which have been extracted by transconductance (gm) 
extrapolation method in linear region (at Vd= 0.05V) [32], also increase (Vth= 0.18, 0.4, and 0.63 V). 
In accordance with the gate voltage difference, the greater change of current will be acquired due to 
the enhanced normal field. Therefore, we can obtain the improved SSW of FET through the tox 
scaling. 
 
2.3.2 Electron Mobility in Channel Region 
 
The plasma wave behavior as the 2DEG of the THz detector can be represented as the electron 
density in the channel of FET. Because the plasma wave velocity s and the electron momentum 
relaxation time τ, which are important factor of the THz wave detector, definitely depend on the 
electron mobility, the modulation and propagation of the plasma wave is influenced by the electron 
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mobility. Therefore, the electron mobility should be extracted in nonresonant mode of the THz 
detection in order to analyze the electron density in the channel. 
Figure 2-6 shows the simulation results of the electron mobility as a function of the channel 
position at each time t in a cycle T. Regardless of tox, the gate overdrive voltage swing U0 should have 
the fixed value (at U0 = Vg − Vth = −0.1 V), because the electron density is extremely sensitive by the 
biased gate voltage. The electron mobility at the source side is smaller than at the drain side due to the 
asymmetry of the channel 2DEG density distribution by adding the external capacitance between the 
gate and drain. For all THz detectors designed by TCAD framework, which take on the different 
values of the gate oxide thickness (tox = 1.1, 2.5, and 4 nm), minimum values of electron mobility near 
the source side is extracted at t= (4/5)T as shown in Fig. 2-6(a), (b), and (c).  
The electron density at the source side in the channel is higher, the mobility is more degraded, 
because the electrons can be gathered more, and thus, the asymmetry of electron charge increases 
between the source and drain increases. Figure 2-7 shows the electron mobility degradation at the 
source side in the channel according to the decrease of tox. In accordance with scaling of tox, the 
electron mobility more decreases quantitatively as well as rapidly because of the surface roughness 
scattering (SRS), which is caused by the enhanced normal electric field from the gate, and thus, the 
channel 2DEG density increases owing to the better SSW. 
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Figure 2-6. Simulation results of the electron mobility at each time scale along with the channel position when 
the same gate overdrive voltage U0 (U0 = Vg− Vth = −0.1 V) is applied. The electron mobility declines near the 
source side at (a) tox = 1.1 nm, (b) tox = 2.5 nm, and (c) tox = 4 nm. (d) The electron mobility at the source side 
according to various tox when the minimum values of the electron mobility have been extracted at t = (4/5)T. 
 
2.3.3 Normalization of Electron Density (lQP and NQP) 
 
The quasi-plasma electron box modeling for extracting the photoresponse is performed under the 
room temperature with the structure of the MOSFET-based THz detector. Two important parameters 
for modeling of quasi-plasma 2DEG are length (lQP) and density (NQP). The quasi-plasma 2DEG 
length lQP is equal to the propagation length of the plasma wave, which is called the characteristic 
length, and the quasi-plasma 2DEG density NQP is defined average of the 2DEG modulation. 
Figure 2-7 shows the transient simulation results of the electron density modulation as a function of 
the channel position at t = (4/5)T according to the variation of tox. As the tox decrease, the electron 
density near the source side decreases more sharply, while the average electron density in the channel 
region is higher as shown in Fig. 2-7(a). We demonstrate the accurate analysis for the plasma wave 
behavior by using our normalization method, which can define and characterize lQP and NQP exactly. 
Figure 2-7(b) shows the normalization of the electron density (De) and the channel position (x) from 
the simulation results of the electron density in the channel (in Fig. 2-7(a)). In order to extract lQP and 
NQP, we found the average point of the electron density (De) along with the channel position (x) near 
the source side, where the average point of the instantaneous rate of the electron density ∂(De)/∂x = 
−1, because the standard mean value of 2DEG length and density is exteriorized at this point. 
By using normalization of the electron density, the values of lQP and NQP are obtained according to 
tox. (see Table 2). As the oxide thickness (tox = 1.1, 2.5, and 4 nm) increases, the quasi-plasma 2DEG 
length lQP also increases while the quasi-plasma 2DEG density NQP decreases owing to the difference 
of the electron mobility degradation near the source side. 
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(a) 
 
(b) 
Figure 2-7. (a) Transient simulation results of the electron density De in the channel region x according to 
various tox at t= 4T/5 (= 1.2 ps) (b) Normalization of the electron density De along with the channel position x. 
Inset shows the average point of the electron density (∂(De)/∂x= −1) for extracting lQP and NQP. 
Table II. The values of lQP and NQP from normalization of the electron density along the channel position 
according to the various tox. 
tox [nm] lQP [nm] NQP [cm-2] 
1.1 12 5.3×1011 
2.5 20.6 5.25×1011 
4.0 25.7 5.2×1011 
 
In order to estimate these values of lQP (in Table II), which have been obtained by the normalization 
of the channel electron density, it is essential to compare with analytic calculation results of 
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characteristic length l. In nonresonant regime with the low frequency (ωτ < 1), the l is given by 
s(τ /ω)1/2. In the specific case (U0 < 0 and |U0| > ηkBT/e), if we consider tox= 1.1 nm, η= 1.095 so that 
s= 1.64×107 cm/s. And thus, by using the extracted value of µ = 210 cm2/V-s from TCAD simulation 
results, τ is calculated to 0.02 ps. These values of analytical calculation finally yield l = 11.5 nm 
which is comparable to lQP = 12 nm, which is extracted from quasi-plasma 2DEG model by using 
normalization method. Consequently, it is found that the quasi-plasma 2DEG length (lQP) and 
propagation length of plasma wave (l) are actually same concept. 
 
2.3.4 Performance of Terahertz Detector (Photoresponse and NEP) 
 
By using the quasi-plasma 2DEG model with two structural key parameters of lQP and NQP into 
channel region, we obtain the simulation results of the two important performance metrics of the THz 
detector, such as responsivity Rv and noise equivalent power (NEP). 
Figure 2-9 shows the simulation results of the ∆u as a function of the Vg with various tox. Inset 
shows the simulation circuit configuration of the FET-based THz detector for extracting ∆u. Under 
asymmetric boundary condition, ∆u can be regarded as the offset voltage difference between the 
source and drain. The extracted values of ∆u are normalized by the peak value in the subthreshold 
region (Vg < Vth) near Vg= Vth with arbitrary unit. In the strong inversion region (Vg > Vth), ∆u in the 
form of the DC voltage has a small value, because the voltage difference between the source and drain 
is almost zero as the channel is generated. According to the simplified theory of the THz wave 
detector in nonresonant regime, the peak values of ∆u exist in the weak inversion region (Vg < Vth). 
As tox scaled down from 4 to 1.1 nm, the higher value of ∆u has been obtained. In order to enhance 
the performance through the efficient structural device design such as scaling of tox, increment of the 
2DEG density is the mainly factor for the high performance of THz detectors. 
The responsivity Rv is given by ∆u/Pa, where the AC power Pa= 200 nW, which is the comparable 
value from the experimental results [20]. Since the ∆u significantly affects the responsivity, the graph 
of the responsivity with arbitrary unit has the almost same tendency. Figure 2-10 shows the 
calculation of the NEP from the Rv, which is the other performance of the THz detector. The NEP can 
be calculated as N/Rv (W/Hz0.5), where N= (4kBTRd)0.5 is the thermal noise of the FET-based THz 
detector. To estimate the thermal noise N, the channel resistance Rd is extracted from DC 
characteristics. The simulation results of ∆u and NEP in the subthreshold region yield the theory of 
the nonresonant plasmonic THz detection. As tox is scaled down, minimum value of NEP is decrease 
by enhanced ∆u [33]. 
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Figure 2-8. Simulation results of the photoresponse ∆u as a function of gate voltage as the variation tox (= 1.1, 
2.5, and 4 nm) with the quasi-plasma 2DEG in the channel. Dashed lines indicate the threshold voltage Vth (= 
0.18, 0.4, and 0.63 V) with respect to tox. Inset shows the schematic circuit configuration for extracting the ∆u. 
 
 
Figure 2-9. Calculation results of the noise equivalent power (NEP) by scaling of tox. The NEP can be calculated 
as N/Rv (W/Hz0.5), where N = (4kBTRd)0.5 is the thermal noise of the FET-based THz detector. 
Chapter 3 
 
New Non-Quasi-Static Compact Model for MOSFET-Based Terahertz 
Detector 
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3.1 Quasi-Static and Non-Quasi-Static Analysis 
 
 
Figure 3-1. Physical analysis according to the change of time. 
 
Generally, there are four ways of the physical analysis according to the change of time: static, 
quasi-static, non-quasi-static, and dynamic analysis. Static analysis is the physical value analysis 
which is not changed by time, and dynamic analysis has the value variation which is changed by time 
dramatically. In MOS transistor modeling, quasi-static (QS) regime means that the charges can follow 
the change in voltage immediately without the time delay. 
Because the MOSFETs have been widely used in commercial industries, it becomes necessary to 
estimate the circuit operation. Most of MOSFET models in SPICE operate in the QS regime, however, 
they have some disadvantages to predict the performance [34-37]. The signal changes slowly relative 
to the transit time of the device, so that the channel charge always is in steady-state region. When the 
rising time of input signal is longer than 20 times of the transit time of device, QS assumption is 
satisfied. In this condition, the transit time has different equation according to channel length in long 
channel case and short channel case. In the QS approximation, the carrier transit time along the 
channel region of FET is ignored, therefore, the QS approach may cause fatal error in simulation 
results for fast switching. 
The non-quasi-static (NQS) analysis, which is applied to the variation of electron charge in the 
channel region of MOSFETs, is almost same topology in dynamic analysis. Because the design of 
MOSFET circuits demand the comprehension of NQS analysis for RF and transient simulation, many 
NQS MOSFET models have been established [38-52]. However, current NQS models are not 
available for SPICE circuit simulator. 
At high frequency, the electron modulation in the channel is caused by incoming radiation, which 
induces the plasma wave in the source and drain side. In this situation, the analysis mode is related to 
oscillation period and transit time of plasma wave [7]. The plasma wave transit time is given by 
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where Vg is the gate voltage, Vth is the threshold voltage of the FET, and L is the channel length of the 
FET. In our MOSFET device, plasma wave transit time is about 10 ps. If the plasma wave transit time 
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through the channel is longer than the oscillation period of the incoming radiation, the NQS condition 
is fulfilled and the operating frequency region forms the THz gap. In this section, I propose the new 
NQS compact model for both transient and MOSFET-based plasmonic THz detector. 
 
 
Figure 3-2. Oscillation period and transit time of the plasma wave according to the frequency. QS and NQS 
assumption have been distinguished when the oscillation period is equal to the plasma wave transit time. 
 
3.2 DC Characteristics Matching between TCAD and SPICE 
 
To build up the NQS compact model, I have treated two simulation tools, which are TCAD and 
SPICE. TCAD is a device-based simulation tool, and I can analyze the FET-based THz detector in 
NQS regime by using TCAD. For example, as shown in the figure 2-3, the simulation results of the 
electron density along the channel region can be extracted by using 2-D device simulation TCAD. On 
the other hand, SPICE is a circuit-based simulation tool. Especially, BSIM HSPICE is world widely 
used SPICE simulation tool, which is applicable for both QS and NQS analysis. 
In order to demonstrate our new NQS SPICE model, I analyze the turn on switching transient 
simulation, which is the variation of the gate voltage and drain current according to the time. For 
accurate switching delay simulation and analysis, matching the simulation results of DC characteristic 
such as Id−Vg curve between TCAD and SPICE tool is necessary [53]. 
 
Table III. Structure parameters of our TCAD device. 
Parameter Symbol Value Unit 
Gate length Lg 300 nm 
Gate width W 1 um 
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Substrate doping concentration Nsub 1×1018 cm-3 
Source and drain doping concentration Nd 1×1020 cm-3 
LDD doping concentration NLDD 1×1019 cm-3 
Junction depth xj 0.1 um 
Gate oxide thickness tox 4 nm 
 
Table IV. Input parameters for SPICE parameter extraction. 
Name Value Unit Description 
L 300E-9 m Gate length 
W 1E-6 m Gate width 
TNOM 27 °C Temperature 
TOX 4E-9 m Thickness of SiO2 
NCH 1E18 cm-3 Channel doping concentration 
NSUB 1E18 cm-3 Substrate doping concentration 
XJ 100E-9 cm-3 Junction depth 
 
 
Figure 3-3. Main procedures of the DC parameter extraction in SPICE. 
The parameters of the TCAD device structure is indicated in Table III. Using these parameters, I 
can get the basic parameters of SPICE and input parameters for SPICE DC parameter extraction (in 
Table IV). In SPICE, the parameters of lightly-doped drain (LDD) doping concentration have not 
existed, and unit of temperature is degree (not Kelvin) contrary to TCAD. Figure 3-3 shows the 
procedures of SPICE DC parameter extraction [54]. Originally, this procedure has twenty steps, 
however I simplify to nine important steps. 
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For efficient parameter extraction, the important parameters of SPICE for matching should be set to 
the proper value (in Table V). VTH0 is threshold voltage at Vbs = 0, U0 is the electron, LINT and 
WINT are structure fitting parameters, and RDSW and NFACTOR for subthreshold swing are critical 
parameters. Since all the other parameters are less important, they can be set to the default value. 
Figure 3-4 shows the DC simulation results of Id−Vg curve after parameter extraction procedures. The 
good matching between the TCAD and SPICE DC simulation is obtained. DC characteristics of 
SPICE simulation result both linear and saturation region are corresponded to TCAD simulation 
results. 
 
Table V. Important SPICE parameter for DC matching between TCAD and SPICE. 
Parameter Description 
VTH0 Threshold voltage when body voltage is zero. 
U0 Electron mobility at T = TNOM 
LINT Length fitting parameter 
WINT Width fitting parameter 
RDSW Parasitic resistance 
NFACTOR SSW factor 
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Figure 3-4. DC Id-Vg simulation results of MOSFET device after matching procedures. The good matching of 
DC characteristics between TCAD and SPICE has been obtained. 
3.3 New Compact MOSFET Model for Non-Quasi-Static Analysis 
 
  As the MOSFET has been improved more performance-driven for THz detector, it is essential to 
estimate the circuit performance of FET in THz regime. However, most of the MOSFET models use 
the QS approach [34-37], where charging time of the carriers in the channel is ignored. Since the QS 
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assumption in MOSFET breaks down when the input signal changes on a time scale comparable to 
the transit time of FET, the NQS model of MOSFET is needed for the accurate analysis of fast 
switching and high-frequency operation. 
 
3.3.1 Conventional NQS MOSFET Model 
 
 
Figure 3-5. Several equivalent MOSFET model for time-varying analysis. 
 
The channel of MOSFET can operate as a bias dependent RC distributed transmission line as 
shown in figure 3-5(a). Figure 3-5(b) shows the traditional circuit configuration of conventional 
MOSFET QS model. The gate and channel resistance are represented by lumped elements, and the 
gate capacitors are lumped to the source and drain nodes under the QS assumption. This model has 
been used in SPICE. For the QS approach, the delay time of channel charging is ignored. As shown in 
figure 3-5(c), the circuit equivalent through the transistors connected in series makes possible to 
analyze the NQS approximation [44]. In the NQS assumption, the delay time of the channel charge 
build-up can be estimated by incorporating the model equations. However, this circuit model requires 
a lot of calculation time and has the complexity of the formulation [43-48], so that new NQS compact 
model is needed for exact analysis of the channel charging delay. While these models work well for 
some applications, they fail to describe important small size device physics when operating at THz 
frequencies. 
3.3.2 NQS Elmore model 
 
Because the electron in the channel of FETs excited by THz frequencies, the channel contains 
plasma wave oscillations of electron density, which propagate along the channel. SPICE BSIM 
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simulation tool includes the NQS model, which is called by Elmore model [55, 56], therefore, we 
demonstrate the Elmore model in BSIM. Elmore model is one of the world-widely used NQS 
MOSFET model in SPICE, as shown in figure 3-5(d). Using NQS Elmore model, the RC distributed 
channel line can be approximated by the simple lumped circuit elements. Elmore model has the 
Elmore resistance (RElmore), which can be calculated from the channel resistance of MOSFET in strong 
inversion region. RElmore is given by [55] 
 
cheffeff
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where Leff is the effective gate length, µeff is the effective electron mobility in the channel, Weff is the 
effective gate width, and Qch, which is the instantaneous channel inversion charge, is equal to the 
value of Cox(Vgs − Vth). The important factor of RElmore  is the Elmore constant ELM, which is SPICE 
NQS model parameter. The default value of ELM is set to 5, and RElmore has the value of 320 Ω in our 
device. 
However, NQS Elmore model is not valid to transient simulation and fast switching mechanism of 
MOSFET. As show in figure 3-6, NQS Elmore model has unstable operation for fast switching when 
the rising time TR is very small. Therefore, new NQS MOSFET compact model should be needed to 
describe the transient fast switching and high-frequency operation at THz region. 
 
 
Figure 3-6. Transient simulation result of NQS Elmore model in SPICE at TR= 50 ps. 
3.3.3 Transient Simulation of New Non-Quasi-Static MOSFET Model 
   
To describe the switching delay in very short rising time, I have developed the new NQS compact 
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model of MOSFET. The implementation procedure of the new NQS MOSFET model based on SPICE 
circuit simulator. Figure 3-7 shows the circuit configuration of new NQS compact model of MOSFET 
with the lumped circuit elements Rg. This new model is applicable for transient simulation and works 
as the plasmonic THz detector. 
In order to verify the new NQS MOSFET model of SPICE for transient simulation, the model has 
been compared with TCAD 2-D device simulation as reference of the complete numerical NQS 
simulation. For the comparison of SPICE and TCAD simulation, DC characteristics (Id−Vg curve) 
matching between SPICE and TCAD has been achieved in section 3.2. Figure 3-8 shows the well-
matched transient turn-on switching simulation results between the new NQS MOSFET model in 
SPICE and numerical TCAD simulation at TR = 40 ps. This results indicate that our model is more 
accurate and reliable for fast switching mechanism than the existing NQS Elmore model. 
 
  
(a) (b) 
Figure 3-7. (a) Circuit configuration of new NQS compact model of MOSFET with the lumped circuit elements. 
(b) Transient simulation results of new NQS compact model of MOSFET with TCAD-based verification. 
 
3.4 Demonstration of New NQS Compact Model for MOSFET-based THz Detector 
 
The conventional MOSFET circuits have been modeled by using SPICE simulator. However, the 
compact models based on SPICE cannot represent the device physics of THz detector in the 
plasmonic mode, when the operation frequency are higher than the cut-off frequency. Using the new 
NQS compact MOSFET model, the MOSFET can act as a nonresonant detector at THz frequency 
region. 
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Figure 3-8. (a) The applied asymmetric boundary condition in simulation results of the new SPICE NQS 
MOSFET model by adding the various gate-to-drain capacitance Cgd. (b) Comparison of the drain voltage 
amplitude between TCAD and SPICE simulation results according to increase of Cgd. 
 
In section II, I demonstrate the asymmetric boundary condition of the FET-based THz detector 
between the source and drain side by adding the gate-to-drain external capacitance on the basis of 
TCAD platform. The asymmetry of the nonresonant THz detector based on the new NQS MOSFET 
model has been implemented in the same way (by adding Cgd). 
Figure 3-8(a) shows SPICE simulation results of the implemented asymmetric boundary condition 
between the source and drain side by adding varied external capacitance Cgd between the gate and 
29 
 
drain, because it becomes essential to obtain the photoresponse ∆U of nonresonant THz detector. The 
gate-to-source voltage (Vgs) has fixed value because the gate-to-source external capacitance is zero. 
On the other hand, the gate-to-drain voltage (Vgd) is saturated to DC output voltage according to the 
increase of Cgd. As shown in figure 3-8(b), simulation results of the new SPICE NQS MOSFET 
model are comparable to TCAD simulation results. 
Finally, I demonstrate the validity of the new model by obtaining the successful photoresponse 
simulation as the function of the gate voltage at 0.2 THz. In order to extract the photoresponse, the 
new NQS MOSFET model has been set up as the voltage divider circuit between the channel 
resistance and load by adding the resistors Rs and Rd [57], as shown in figure 3-7. The peak point of 
the photoresponse is existed in the sub-threshold region in accordance with the simplified theory of 
the nonresonant THz detector [16]. The photoresponse has been simply extracted by using the new 
NQS compact model, so that the new NQS model can be exploited as the plasmonic THz wave 
detectors. The simulation results of the new NQS model in SPICE has the similar tendency of the 
measurement [20] and TCAD simulation results [33]. 
 
 
Figure 3-9. Simulation results of the photoresponse as a function of the gate voltage. In accordance with the 
simplified theory of the nonresonant THz detector, the maximum value of the photoresponse is located in the 
sub-threshold region (Vth = 0.45 V). 
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Chapter 4 
 
Summary and Conclusions 
 
In this thesis, I have reported that the quasi-plasma 2DEG model can provide the simulation 
framework for the advanced physical analysis of nanoscale Si FET-based plasmonic THz wave 
detector with efficient structural design in TCAD. By using our normalization method, two key 
parameters of the quasi-plasma 2DEG modeling, such as lQP and NQP, are exactly extracted. The 
reliable values of lQP and NQP can be obtained, and thus, I have demonstrated the performance 
enhancement of the THz detector based on FET according to scaling of tox with the quasi-plasma 
2DEG model. 
In addition, I have proposed the new NQS compact MOSFET model in SPICE simulation, which is 
applicable for both large-signal transient simulation and high-frequency operation. The model has 
been verified comparing with 2-D device simulation using TCAD which is the numerical NQS 
simulator. Finally, I demonstrate the validity of the new NQS model as the plasmonic THz detector 
through extracting the photoresponse, which is the performance of the THz detector. 
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Chapter 5 
 
Future Works 
 
  
(a) (b) 
Figure 5-1. TCAD-based verification of RF simulation results. Vgs = 1.2 V, Vds = 1.5 V [Ref. 53]. 
 
  
 
(a) (b) 
Figure 5-2. (a) Experimental results of the photoresponse when the input voltage is applied. (b) Block diagram 
of the input gate voltage and output photoresponse. By integrating the external gate capacitance, the parasitic 
capacitance will be eliminated and intrinsic delay time of the THz detector can be estimated. 
 
In section III, I have proposed the new NQS compact model for MOSFET-based plasmonic THz 
wave detector. For validity of the NQS model, it becomes essential to verify the model for both 
transient and RF simulations. The new NQS model developed in section III should also be used to 
achieve the accurate RF MOSFET modeling, which is combined with the lumped circuit elements 
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(figure 3-7). The new NQS model for RF simulation will be verified using Y-parameter extraction. 
Comparison with the 2-D numerical simulation results (TCAD) will be implemented by a method 
similar to the transient simulation using the set of the SPICE model parameters, which accurately 
extract the transcapacitances and transconductances [53]. Figure 5-1 shows the previous work for the 
TCAD-based verification of RF simulation results, which demonstrate a good matching between 
analytical NQS MOSFET model and 2-D numerical simulation (TCAD). 
In addition, the researches on delay of the plasmonic THz detector should be implemented for the 
performance enhancement of the plasmonic THz detector and real time THz imaging technology. As 
shown in figure 5-2(a), the experimental photoresponse results of the THz detection have the 
overshoot delay according to the input pulse signal. In this measurement, the overshoot delay of the 
photoresponse decreases by adding the external gate capacitance. On the SPICE simulation of 
MOSFET-based THz detector, the parasitic capacitance will be eliminated by integrating the external 
gate capacitance, so that overshoot delay of the photoresponse will be decrease and intrinsic delay 
time can be obtained. As a results, the delay of the THz detector for real time THz imaging will be 
demonstrated through the estimation of delay. 
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